Abstract -In this letter, we present for the first time a mixer circuit based on Metal-Insulator-Graphene (MIG) diodes fabricated with large-scale monolayer graphene grown by chemical vapor deposition. A small-signal model extracted from the diode physical structure is used together with a large-signal model extracted from the dc characteristics of the MIG diode to build a down-conversion mixer. The measured conversion loss at a local oscillator power (P LO ) of 5 dBm is lower than 15 dB, while RF-to-IF isolation is 36 dB with an input return loss and RF-to-LO isolation better than 10 dB over the frequency band from 1.7-6 GHz. Promising mixer results in combination with the CVD-based process promote the MIG diode-based mixer to be used in low-power, low-cost, microwave, and millimeter-wave circuit applications.
I. INTRODUCTION

G
RAPHENE is a 2D material with outstanding mechanical, thermal, and electrical properties that could be used in a wide range of applications. The reported high carrier electron mobility and saturation velocity [1] make graphene a perfect candidate for microwave, millimeter-wave, and submillimeter-wave applications. In addition, graphene is an add-on technology that can be integrated alongside with other technologies and substrates for applications such as flexible electronics and smart wearable devices. Graphene-based devices are under continuous development to make use of the unique properties of graphene. However, the reported state-of-the-art graphene field effect transistors (GFETs) suffer from process and device immaturity resulting in poorer performance than what can be expected from the electrical properties of graphene. In addition, due to the zero bandgap nature of graphene, GFETs suffer from poor on/off current ratios and poor current saturation resulting in low-gain performance [2] - [7] . Another challenge for graphene is the production method. Graphene can be produced using techniques like exfoliation, epitaxial growth on SiC substrate, and chemical vapor deposition (CVD) [8] . Exfoliated graphene produces high carrier mobility but it lacks the reproducibility necessary for device modeling. CVD graphene provides considerably more repeatability and controllability over exfoliated graphene, besides being suitable for different substrates unlike the expensive SiC substrate in epitaxial graphene. Recently, studies have been carried out to produce improved mobility CVD graphene to be used in stable and large-scale production processes [9] . Mixers are among the potential short term applications for graphene-based devices and are employed in almost any radio frequency (RF) transceiver. In literature, many GFETbased mixer circuits have been reported [10] - [18] . These mixers exploit the ambipolarity and channel resistance nonlinearity beyond the cutoff ( f T ) and maximum oscillation ( f max ) frequencies of GFETs. However, the resulting conversion loss (CL) is consistently high. This is due to the low on/off current ratio and the large on-resistance associated with GFETs.
Recently, high performance graphene diodes have been reported in literature. Exfoliated graphene-oxide-metal (GOM) diodes have been reported in [19] and CVD-based metalinsulator-graphene (MIG) diodes have been reported by Shaygan et al. [20] . This diode is built similar to a metalinsulator-metal diode structure but provides a distinct charge transfer mechanism [23] . The promising features of the MIG diodes have promoted them to be used as power detector in a six-port receiver in [21] , and in a V-band power detector circuit in [22] and [23] .
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. In this work, we present the first reported graphene mixer circuit based on MIG diodes. In addition, we present an extracted small-signal model based on the physical structure of the diode. The lumped elements of the extracted model show high potential for the diode to be used in microwave and millimetre-wave circuit applications with better performance than the GFET based mixer circuits. The proposed MIG diode mixer circuit is fabricated on glass substrate with a 500 μm thickness and is characterized in the frequency band from 1.7-6 GHz covering many communication standards like GSM, CDMA, DECT, ZigBee, WLAN, and Bluetooth.
II. METAL-INSULATOR-GRAPHENE DIODE
Metal-insulator-metal (MIM) diodes provide low series resistance leading to better performance at high frequencies compared to other semiconductor-based pn-diodes and Schottky diodes [24] . In addition, they are fabricated in a thinfilm technology which is suitable for nonsemiconductor-based technologies like graphene. These features motivate the use of the MIM diode structure to build MIG diodes. However, the operating principle of MIG diodes is different from that of MIM diodes. The bias induced barrier height modulation at the graphene-insulator interface dominates the operation of the diode [22] , which ensures the high performance of the MIG diodes. As a result, the MIG diodes are outperforming MIM diodes regarding asymmetry and nonlinearity without sacrificing the current density [25] . A comprehensive explanation of the MIG diode fabrication, operation, statistical stability, and a comparison with state-of-the-art MIM diodes has been reported by Shaygan et al. [20] .
The chip micrograph of the fabricated MIG diode on glass substrate is shown in Fig. 1(a) . The cross-section of the intrinsic diode is shown in Fig. 1(b) . The diode is composed of the parallel plate capacitor between the metal layer M1 and the graphene sheet. Due to the low density of states in graphene, the diode is modeled as if there is another capacitor in series [26] . Accordingly, the diode could be modeled as a series combination of a linear capacitance, C 1 and a biasdependent, nonlinear capacitance, C 2 . Consequently, the DC bias-dependent nonlinear junction resistance composed of the series combination of the leakage resistances of the two capacitors, R 1 and R 2 , and the graphene sheet resistance, R G . This series combination of C 1 , C 2 , and R G is in parallel with the fringing capacitance, C f between the two metal electrodes. Fig. 1(c) shows the complete small-signal model including the probing pads parasitics. Physical design considerations are applied to reduce the parallel fringing capacitance, C f , by embedding the first electrode (M1) into the substrate. In addition, the physical implementation ensures that the linear series capacitance, C 1 , is larger than the nonlinear capacitance, C 2 . Consequently, C 2 dominates the equivalent capacitance.
Measured DC characteristics are shown in Fig. 2(a) . DC figure-of-merits are calculated based on [27] , demonstrating a responsivity of up to 20 A/M. Fig. 2(b) shows an asymmetry up to 608 for the fabricated diode. These results outperform state-of-the-art MIM diodes [25] , [28] .
On-wafer S-parameter measurements are carried out from 0.01-70 GHz for the fabricated diodes with different bias voltages from -2 V to 2 V. Fig. 2(c) & (d) show the extracted overall resistance and capacitance of the diode across frequency for different bias voltages. Obtained results are used to calculate the values of the lumped elements representing the small-signal model in Fig. 1(b) . Values at zero-bias as presented in Fig. 2(f) validate the physical design considerations. The extracted value of the linear capacitance C 1 is about ten-times larger than C 2 . Similarly, the value of C f is twenty-seven times less than C 2 . At frequencies higher than 100 MHz, R 1 is practically shorted by the impedance of C 1 providing lower loss at higher frequencies. Accordingly, the MIG diode-based mixer circuits provide substantial improvement in terms of CL at higher frequencies compared to GFET-based mixer circuits. Fig. 2(g) demonstrates the bias dependency of C 2 and R 2 . Fig. 2(e) shows a comparison between the extracted model and the measurement results over the whole 0.01-70 GHz band with less than 1 dB magnitude mismatch and better than 2 • phase mismatch for the return and insertion loss shown in the insets. The small-signal model is used to design the input matching circuit of the MIG diode for maximum RF power transfer in the design frequency band. Although the presented circuit operates in the band from 1.7-6 GHz. The shown model and characterization up to 70 GHz prove the potential of applying these MIG diodes in more complex mixer circuits and for higher frequencies with promising performance.
III. MIG DIODE MIXER CIRCUIT
The mixer circuit is shown in Fig. 3(a) with an input RF power combiner. The output of the combiner is fed into an input matching circuit to match the input impedance of the MIG diode to 50 . Then, the zero-bias MIG diode is contacted on-wafer. The diode's output is fed into a resistor to convert it to a voltage signal. The IF voltage signal is buffered using an ultralow distortion opamp to provide 50 output impedance with 0 dB overall voltage gain.
Measured CL for an RF input at 2.4 GHz and a local oscillator (LO) input at 2.1 GHz with 5 dBm LO power is shown in Fig. 3(b) . The circuit demonstrates a CL of 15 dB and input referred 1 dB compression of +2 dBm of RF power. Measured RF and LO return loss and RFto-LO isolation results are shown in Fig. 3(c) . The mixer circuit provides better than 10 dB input return loss and isolation over the entire band from 1.7-6 GHz. Fig. 3(d) shows the RF-to-IF isolation measurement performing better than 36 dB in the 2.4 GHz band, with 15 dB coming from the IF buffer. Table I summarizes the measured performance of the presented mixer and compares it with state-of-the-art graphene-based mixers. The aim of the comparison with GFET-based circuits is to compare the performance between different devices while the mixing mechanism is based on a single Graphene-based device except for the double balanced scheme in [15] which is based on four GFET's. In terms of CL, the MIG-mixer on a low-cost 500 μm thick glass substrate outperforms other mixer circuits based on exfoliated, CVD, and epitaxial GFET [10] - [18] . The presented circuit with a single MIG diode achieves the same RF-to-IF isolation as reported in [15] with a double balanced topology. Further improvement of the CL could be achieved by implementing the input power combiner, the input matching, and the output IF I-to-V 50 buffer on chip. The expected improvement in CL is at least 3 dB due to the elimination of the loss in the connection cables and external hybrids. Compared to the MIM diode-based mixer presented in [25] , the MIG based mixer outperforms the biased MIM mixer circuit in terms of conversion loss due to stronger nonlinearity of the MIG diode.
IV. CONCLUSION
The proposed circuit is the first reported diode mixer circuit using MIG diodes. The extracted small-signal model up to 70 GHz shows the potential of using MIG diode-based mixer circuits at higher frequencies. The mixer circuit is characterized over the entire band from 1.7-6 GHz covering many communication standards in the L, S, and C bands. Measured performance promotes it to be used in applications like Internet of Things (IoT), Near Field Communications (NFC), medical, and communications applications.
